The human brain follows a distinct spatial and temporal pattern of maturation that begins with phylogenetically older posterior and inferior regions and then progressively extends to more anterior and superior regions (for reviews, see [@bib0175], [@bib0420], [@bib0695]). Postmortem ([@bib0345], [@bib0750]), MRI ([@bib0145], [@bib0175], [@bib0245], [@bib0250], [@bib0265], [@bib0270], [@bib0450], [@bib0555], [@bib0650]), and diffusion tensor imaging (DTI) studies ([@bib0045], [@bib0050], [@bib0260], [@bib0315], [@bib0400], [@bib0405], [@bib0460], [@bib0485], [@bib0490], [@bib0630], [@bib0635], [@bib0645], [@bib0755]) suggest that concurrent changes in gray and white matter are two important events that follow distinct developmental trajectories that significantly contribute to brain maturation.

The increase in global gray matter volume during development follows an inverted U-shaped curve that increases and peaks during adolescence and then decreases until early adulthood, whereas global white matter increases steadily throughout childhood into adulthood ([@bib0245]). If maturational changes are examined over the course of the entire lifespan, global white matter volume also follows an inverted U-shaped trajectory, with white matter volume reaching its peak around 40 years of age ([@bib0315], [@bib0405]). It is believed that the function of cortical regions is based on the intrinsic properties and extrinsic pattern of white matter input and output and that the information transmission properties of a given white matter tract can be predicted by the functions of the cortical regions it connects ([@bib0550], [@bib0720]). Although the function of the *uncinate fasciculus* (UF) is still largely unclear, its location and connectivity often associate it with the limbic system and its functions (e.g., emotion, episodic memory, etc.), making it a likely candidate for disruption in disorders affecting personality, emotion, and episodic memory. The extended development of this white matter tract into the third decade of life might also make it more susceptible to disruptions in function and could help explain why the UF has been implicated in several developmental and psychiatric disorders.

We previously reviewed the human adult and non-human primate literature on the UF ([@bib0725]). The purpose of the present literature review is to integrate current knowledge about the UF\'s developmental trajectory with the relevant literature on developmental disorders, while placing them in the theoretical context of our findings on the adult UF. We believe that this review will be of interest to both clinicians and cognitive scientists, and we aim to link the UF to clinical disorders, as well as to normal cognition, as we believe that one informs the other.

1. Anatomy and maturation of the uncinate fasciculus {#sec0005}
====================================================

We described the anatomy of the uncinate fasciculus previously ([@bib0725]). In brief, it is a long-range association pathway that creates a monosynaptic pathway between the anterior temporal lobes (BA 38 including perirhinal cortex and portions of the anterior parahippocampal gyrus) and amygdala to the lateral orbitofrontal cortex (OFC; BA 11, 47/12) and BA 10. It has a distinctive hook shape, arcing around the Sylvian fissure into the frontal lobe (see [Fig. 1](#fig0005){ref-type="fig"}; [@bib0625], [@bib0680]). It is frequently damaged in epilepsy resection surgery, as well as blunt-force trauma affecting the frontal lobes.Fig. 1Reconstructions of the uncinate fasciculus: comparison between post-mortem axonal tracing in monkey and human in vivo Spherical Deconvolution (SD) tractography suggests simian-human similarities ([@bib0680]). Used with permission.

The UF is one of the last white matter tracts to reach its maturational peak, with its developmental time course extending throughout adolescence, young adulthood, and peaking beyond the age of 30 (see [Fig. 2](#fig0010){ref-type="fig"}; [@bib0405], [@bib0410]). Although the basic characteristics of UF macrostructure (e.g., volume, length, shape) have been reported in adult studies ([@bib0310], [@bib0445], [@bib0675], [@bib0730]), little is known about the trajectories of these characteristics across development. Until recently, when developmental DTI studies began to fill in gaps of knowledge, relatively little has also been known about maturational changes in the microstructural characteristics of the UF.Fig. 2Magnitude of DTI parameter changes as a function of age. The age of (A) peak fractional anisotropy, FA; and (B) minimum mean diffusivity, MD. For each tract, the location of the black vertical line represents the age at peak FA or minimum MD. The gray bar to each side represents the standard error of the age estimate (based on the standard error of the fitting parameters). The color of the bars represents the magnitude of change from 5 years to the peak/minimum (left) and from the peak/minimum to 83 years (right). Note that the age scale is different for FA and MD, but the color bar is the same. Of note, the uncinate peaks in the early to mid 30\'s. ILF: inferior longitudinal fasciculus; IFO: inferior fronto-occipital fasciculus; SFO: superior fronto-occipital fasciculus; SLF: superior longitudinal fasciculus; ALIC: anterior limb of the internal capsule; CC: corpus callosum ([@bib0405]). Used with permission.

Recent developmental DTI studies report that from childhood to adulthood, fractional anisotropy (FA) values, which are thought to reflect myelination, white matter organization, and the density of the fiber tracts, continue to increase with age ([@bib0255]), whereas measures of local diffusion such as mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) of the UF significantly decrease ([@bib0195]). A similar pattern of development has also been documented for other white matter tracts (see [@bib0405]; L. T. [@bib0740]). However, unlike other white matter association tracts, the FA values of the UF are some of the last to reach their peak maturity between 28 and 35 years of age. UF measures of axial and radial diffusivity are also slow to reach their minima during this developmental time frame ([@bib0405]).

While many studies have now characterized the pattern of white matter changes over the course of development using age, very few have considered examining changes that coalesce with pubertal changes, rather than chronological age. One study ([@bib0030]) found that the vast majority of white matter tracts, including the uncinate, are still immature during mid-puberty, as measured by RD. Their findings suggest that the UF is still immature during adolescence when measured using both chronological age and pubertal status. Another recent study ([@bib0470]) demonstrated significant decreases in MD from early puberty to late puberty in a number of tracts, including the UF. All participants were male, and the study demonstrated a significant negative relationship between testosterone levels and MD averaged across the white matter regions that showed a pubertal status effect during early and late puberty.

There is some evidence suggesting asymmetry of the left and right uncinate; however, inconsistencies exist with respect to the direction of the asymmetry (i.e. left hemisphere greater than right vs. right hemisphere greater than left) depending on the specific measure examined. Studies using post-mortem dissection techniques, a method that measures white matter *macrostructure* and is believed to be more reliable than DTI, have reported that the right uncinate is larger than the left uncinate in approximately 80% of the brains studied ([@bib0325], [@bib0535]). In contrast, DTI studies, which measure white matter *microstructure*, have reported inconsistent results with some studies reporting relatively higher FA values in the left UF (e.g., [@bib0155], [@bib0195]; K. [@bib0310]) while other studies have reported relatively higher FA values in the right UF ([@bib0580]) or no asymmetry in FA values at all ([@bib0410], [@bib0580], [@bib0675]). It should be noted that although many assume that the relationship between macrostructure and microstructure is straightforward, the small number of studies that have explicitly looked at this have reported only weak correlations ([@bib0215]). In regards to developmental changes in asymmetry, evidence is scant due to the fact that participants in DTI studies are usually over 6 years in age. The data that does exist also conflicts ([@bib0240], [@bib0375]).

2. Clinical disorders {#sec0010}
=====================

In this section, we review evidence for the involvement of the uncinate in three disorders: social deprivation and maltreatment, autism spectrum disorders, and conduct disorder. These disorders were chosen because our earlier review of the diffusion imaging literature revealed that the UF is frequently mentioned in the contexts of these developmental disorders ([@bib0725]). When possible, we ground these findings in basic research on the functionality of the UF.

2.1. Effects of deprivation, maltreatment, and stress on the uncinate fasciculus {#sec0015}
--------------------------------------------------------------------------------

Previously institutionalized children who have been exposed to severe socio-emotional deprivation often show deficits in global cognitive function and significant developmental delays at the time of adoption ([@bib0380], [@bib0600], [@bib0595]). Long-term neurocognitive and behavioral deficits appear to persist in a significant proportion of these children ([@bib0055], [@bib0125], [@bib0700]). These deficits include prolonged impairments in executive functions, language, and memory ([@bib0055]). They also include social and emotional problems, such as indiscriminate friendliness, problems with regulating emotions, and difficulties interpreting facial expressions ([@bib0700]).

Both gray and white matter differences have been documented in previously institutionalized children and these neurological changes are thought to underlie the reported deficits in socio-emotional functioning. The gray matter differences are most apparent in limbic regions such as the amygdala ([@bib0705]). Likewise, compared to non-institutionalized children, previously institutionalized children show structural differences in the left ([@bib0190]) and bilateral UF ([@bib0280]). White matter differences are by no means limited to the UF, being found throughout the cortex. These finding have led to the "prolonged stress hypothesis," suggesting that limbic regions are especially vulnerable to prolonged stress during early development.

Studies of social deprivation can be subsumed by a broader category of studies that investigate the effects of childhood maltreatment. Childhood maltreatment refers to verbal, physical, emotional, or sexual abuse or neglect, and various types of maltreatment are known to have a significant effect on the behavior, cognitive functions, and gray and white matter structure and function of children and adults ([@bib0300]). Only two studies have investigated differences in white matter connectivity in this population, and only one of these studies ([@bib0190]) reported differences in the UF. The other study ([@bib0120]), which tested subjects exposed to verbal abuse, reported abnormalities in other white matter association tracts. Although childhood may be a time particularly vulnerable to prolonged stress during development, recent evidence suggests that prolonged stress can have a significant impact during late adolescence/young adulthood as well. Admon and colleagues (2013) collected MRI, fMRI, and DTI measures of 18-year old males prior to being recruited as a combat paramedics and then again, 18 months later. They found that individuals that had a maladaptive response to stressful military service not only showed a reduction in hippocampal volume, but also in the microstructural properties of the UF (significantly lower FA values; [@bib0005]).

It is difficult to draw strong conclusions about this literature as it is quite small. Moreover, the sample sizes in the DTI studies tends to be quite small, possibly due to difficulties in recruiting and testing this population. This population is also difficult to analyze in regards to brain-behavior difference since they are known to have heterogeneous cognitive and behavioral deficits. That being said, our review of the current literature suggests that early and severe social deprivation is associated with abnormalities in the structure, function, and structural connectivity of limbic regions, including the UF. It is known that limbic regions are acutely sensitive to chronic stress due to excitotoxicity from glucocorticoids ([@bib0140]). It is plausible that stress-induced cell death and cell damage in limbic regions causes concomitant white matter retraction, scaring, and degradation in the UF, as well as other limbic fiber tracts. Future researchers should search for behavioral correlations between the UF and individuals who have experienced prolonged stress. Potential areas of investigation can be found in Section [3](#sec0050){ref-type="sec"} of this paper. Of special interest in the question of whether there is a critical age range during which the effects of stress are especially deleterious on white matter microstructure and whether there can be later recovery.

2.2. Autism {#sec0020}
-----------

Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders characterized by significant impairments in social interaction and communication and restricted repetitive patterns of behavior ([@bib0035]). Recent studies have revealed that core deficits of autism and autistic traits in healthy humans are associated with atypical connectivity and decreased communication between brain regions ([@bib0075], [@bib0150], [@bib0160], [@bib0350], [@bib0385], [@bib0620]). Several laboratories have reported the presence of macrostructural abnormalities in individuals with ASD, such as differences in the overall volume, length, shape and density of the UF ([@bib0060], [@bib0500], [@bib0395], [@bib0665]). Some studies have reported an asymmetry, such that the volume of the UF in individuals with ASD is greater in the left versus right hemisphere ([@bib0565], [@bib0685]).

White matter microstructural differences have also been reported such as group differences in FA, MD, and RD values as well as reports of reduced leftward lateralization in the FA values of the UF in individuals with autism ([@bib0425]). A study by Wolff and colleagues (2012) tested the siblings of children with autism, who were considered high risk for ASD. They found that FA values in association tracts of siblings with autism were higher than the control group at 3 months, and then followed a significantly smaller rate of change, resulting in significantly lower FA values in the UF and other white matter association tracts by 24 months ([@bib0745]).

Overall, results from these studies suggest that abnormalities of the UF are present in individuals with ASD that could contribute to the characteristic deficits seen in socio-emotional functioning as well as cognitive functioning. However, a recent review by [@bib0710] suggests several outstanding points that future research needs to address. First, there has been conflicting evidence of microstructural atypicalities in the UF in individuals with autism ([@bib0710]). Although several studies have reported that individuals with ASD have decreased FA in the left ([@bib0115]) or bilateral UF ([@bib0560]), other studies have reported increases in FA ([@bib0605]) or no group differences in FA ([@bib0025], [@bib0565], [@bib0640]). It is possible that different patterns can be associated with differences in symptoms or behavioral characteristics of ASD.

Second, there are widespread white matter abnormalities ASD; the UF is not uniquely aberrant ([@bib0070], [@bib0220], [@bib0395], [@bib0495], [@bib0530], [@bib0565], [@bib0640]). This makes it critical for future studies to be able to isolate differences specific to the UF and the relationship of these differences to behavior, symptoms, and clinical outcomes in individuals with ASD. Research in typically developing populations might help isolate these relationships. For example, a recent study of 6 month-old typically developing infants found that FA of the right UF specifically predicted joint attention (i.e., nonverbal social communication of shared interest) but not receptive language ability at 9 months of age ([@bib0185]). Infants with autism often fail to use social gaze in joint attention tasks ([@bib0110]), and it would be informative to know if the UF might be associated with these specific deficits and if therapeutic improvements in joint attention ability might relate to changes in the structure and integrity of the UF.

Finally, reported disruptions in white matter can be exaggerated during imaging experiments by head movements. A recent study of children with ASD reported widespread changes in white matter that mostly disappeared once head motion was controlled for in the analysis ([@bib0760]).

In sum, there is some evidence for the UF\'s involvement in ASD but it is difficult to ascertain more specific brain-behavior relationships on the basis of the existing literature. Fruitful areas to investigate include episodic future thinking (which might include theory of mind), social reward sensitivity and learning, as well as value-based updating of memory representations (see Section [3](#sec0050){ref-type="sec"}).

2.3. Conduct disorder and psychopathic traits {#sec0025}
---------------------------------------------

Conduct disorder (CD) and childhood psychopathy are characterized by aggression, impulsivity, and remorseless behavior that often violates the rules or the rights of others ([@bib0765]). The DTI literature investigating anti-social traits in children and adolescents consistently shows alterations in UF microstructure ([@bib0545], [@bib0610], [@bib0765]). We summarize these findings in [Fig. 3](#fig0015){ref-type="fig"}.Fig. 3Alterations in fractional anisotropy (FA) values in conduct disorder (red bars) and matched controls (blue bars) across three laboratories ([@bib0545], [@bib0610], [@bib0765]). Error bars represent the standard error of the mean. Asterisks indicate significant differences between groups.

The adolescent studies tend to report group differences in fractional anisotropy in the left, and sometimes right UF. In some instances, microstructural differences have been linked to specific behaviors, such as the finding reported by [@bib0610] that antisocial behaviors correlated with FA values in the left uncinate. Another study reported an interaction of gender (CD is more prevalent in males), conduct disorder, and UF microstructure ([@bib0765]). Our enthusiasm for this small literature is bolstered by the fact that the DTI literature on adults with anti-social traits and incarceration also consistently reports alterations in UF microstructure (reviewed in [@bib0725]).

There are several ways in which differences in the UF might be linked to psychopathic traits and behavior. First, [@bib0545] proposed that there may be problems with a maturational clock, meaning that increased FA in adolescents and young adults with CD could be the result of early maturation of the UF, leading to white matter degradation during development and a transition into full-blown psychopathy as adolescents mature into adults. Alternatively, we have proposed that alterations in UF microstructure may lead to impaired communication between the frontal lobe and medial/anterior temporal lobe, which may serve to form a flexible mental representation of episodes associated with reward or punishment ([@bib0575], [@bib0725]). This might explain how deficits in reversal learning (discussed later) connect to impaired decision-making in children with developmental psychopathic traits. More specifically, it is possible that differences in the UF might lead to the perseveration of antisocial behavior due to deficits updating and adapting responses to aversive emotional stimuli ([@bib0320]). Further, gender differences in the integrity of the UF in individuals with CD might account for larger deficits in reversal learning for CD males and perhaps, even offer some explanation as to why there are higher rates of conduct disorder in males rather than females. A similar account might also be applicable for children diagnosed with the hyperactive subtype of attention-deficit hyperactive disorder who also show deficits in reversal learning, increased impulsivity, and elevated levels of socially unacceptable behavior.

2.4. Functional anatomy: proposed functions of the uncinate fasciculus {#sec0030}
----------------------------------------------------------------------

There is a small but growing movement in psychiatry that advocates for a dimensional approach to psychiatric disorders. By this view, the current taxonomic system as found in the *Diagnostic and Statistical Manual of Mental Disorders* is disregarded in favor of a view focused on symptoms, such as deficits in social processing or cognitive control, which may cut across traditional diagnostic categories ([@bib0415]). In this section, we turn to behavioral traits that appear to correlate more clearly with variation in UF structure, as compared to specific clinical disorders.

2.5. Reversal learning and impulsive responding {#sec0035}
-----------------------------------------------

Impulsive responding and decision making are a hallmark of problems with cognitive control, a deficit found in several psychiatric disorders. In the laboratory, cognitive flexibility and is frequently measured using *reversal learning* paradigms. During reversal learning tasks, participants are first trained to associate various stimuli with either rewards or penalties. Once these associations are adequately learned, the corresponding reward contingencies are reversed, and participants must learn to respond to the newly rewarded stimulus, while inhibiting responses to the previously rewarded stimulus ([@bib0365]). However, participants are not immediately aware of this reversal; therefore, the initially rewarding stimulus remains pre-potent, and participants often exhibit perseverative behaviors toward the previously rewarded stimulus. The ease with which participants adapt their choices after contingency reversal serves as an index of cognitive flexibility. Individual differences in the degree of perseveration after reversal reveal important differences in the propensity to make impulsive decisions ([@bib0130]). Reversal learning deficits are found in several developmental disorders characterized by impulsiveness, including conduct disorder ([@bib0085], [@bib0210]), attention deficit hyperactivity disorder ([@bib0360]), and pediatric bipolar disorder ([@bib0275]).

A large body of research has demonstrated that portions of the OFC play a key role in reversal learning. Evidence suggests that specific reward contingencies are encoded in the OFC, which is also responsible for maintaining and updating the reward history associated with particular stimuli ([@bib0200]). Across rodents, monkeys, and human patients, OFC damage leads to severe reversal learning impairments, even on exceedingly simple tasks ([@bib0205], [@bib0200], [@bib0570], [@bib0585]). Recently, it has been proposed that damage to the white matter connecting the OFC to the temporal lobes may be the source of reversal learning deficits in macaques, rather than damage to the OFC gray matter ([@bib0590]). Indeed, our laboratory has shown that within a population of neurologically normal young adults, individual variability in the microstructure of the UF predicts reversal learning performance ([@bib0015], [@bib0020], accepted pending revisions).

2.6. Sensitivity to reward and punishment {#sec0040}
-----------------------------------------

The UF is considered a limbic fiber pathway and researchers have speculated that it may play an important role in emotional regulation (reviewed in [@bib0725]). While some theories about the UF\'s role in emotion have not been supported by sufficient evidence, there is a literature specifically related to reward processing. Recall that the OFC is thought to be critical for encoding specific reward values, as well as for updating and maintaining patterns of reward history ([@bib0200]). Thus, we can presume that some of the white matter emerging from neurons in the OFC would also play a role in relaying information about rewards and punishments to temporal lobe structures.

A small, albeit growing literature has implicated the UF in reward processing in healthy adults. For instance, Camara and colleagues (2010) employed a combined fMRI/DTI approach in order to investigate the relationship between BOLD activation, microstructural indices of white matter, and processing of rewards and punishments. They found that for a simple two-choice gambling task, individual differences in reward related activation in the ventral striatum, a region implicated in reward processing, correlated positively with FA values within a cluster corresponding to the uncinate ([@bib0095]). Participants with greater BOLD percent signal change in the ventral striatum on loss versus gain trials also had higher uncinate FA values. A positive correlation was also found between uncinate FA and a measure indexing sensitivity to punishment. The authors argue that these findings suggest that differences in reward processing are associated with the microstructural properties of anatomical connections between reward regions.

This hypothesis was bolstered by a study conducted by Bjornbekk and colleagues (2012). In this study, a self-report measure of reward dependence from the Temperament and Character Inventory (TCI; [@bib0135]) was administered to a large cohort (*N* = 263) of adults. Reward dependence, defined as the tendency to depend on or react strongly to various forms of reinforcement, correlated negatively FA in a cluster consistent with the uncinate ([@bib0065]). Individuals more dependent on rewarding stimuli or social cues tended to have lower FA values within the uncinate cluster. Since the age range in this study was so large (20-85 years), the researchers also performed the analysis on the youngest portion of their cohort after a median split. The negative correlation between reward dependence and FA remained significant in this sample.

Again, we must note the inconsistency with respect to directionality of FA correlations across DTI studies. We speculate that this difference is likely due to the specific reward indices measured. Keeping in mind that these speculations are only based on two studies, it is conceivable that rewards and punishments lie on opposite ends of the same continuum, and they may interact in a "seesaw" fashion such that if an individual is highly sensitive to one dimension, he or she will be less sensitive to the other. This framework is consistent with the directionality differences found by these studies, suggesting that if higher FA values are associated with greater loss-specific BOLD activation (and thus more sensitivity to punishments), then higher FA values would in turn be linked to lower reward dependence.

In our review of the literature, only one study has included children or adolescents in their study cohort; however, this study did not directly address the relationship between white matter integrity and reward processing within the children or adolescent participants. Instead, Olson and colleagues (2009) investigated this relationship across the entire study sample. Specifically, they tested a sample of participants ranging from 9 to 23 years of age on a delay discounting task. This paradigm assesses participants' abilities to delay gratification by assessing preference for delayed over immediate rewards ([@bib0515]). Steeper discounting rates reflect the preference for immediate over delayed rewards, while less steep discounting rates reflect the selection of delayed rewards. The results revealed a positive relationship between the ability to delay gratification and uncinate FA, controlling for IQ. In other words, less steep discounting rates, and therefore "greater tolerances for delayed rewards", were associated with increased FA in the UF ([@bib0520]). Despite the overall relationship found between FA and discount rate, this correlation did not survive after controlling for age. It is well known that the ability to selected delayed over immediate rewards develops with age (e.g. [@bib0660]); therefore, it is unclear whether this effect would be upheld in a strictly developmental cohort.

Although there is very little research that is specifically related to structural connectivity and reward processing in developmental populations, a large body of research has centered around the development of neural regions responsible for reward processing. The development of the so-called neural "reward network" follows a trajectory similar to an inverted U, with reward sensitivity reaching its peak during adolescence. This trajectory leaves the adolescent population vulnerable to heightened risk taking and reward seeking behaviors ([@bib0655]). Such behaviors are associated with substance use, which is often initiated during adolescence ([@bib0370]). A meta-analysis reviewing the DTI literature related to adolescent substance use ([@bib0040]) found no alterations specific to UF microstructure in adolescent substance users; however, two more recent studies have, in fact, found effects in the UF. In one longitudinal study ([@bib0435]), researchers examined the effects of initiation of alcohol use within a cohort ranging in age from 14 to 19 years old at baseline. For this particular study, participants included only individuals who had never ingested an alcoholic beverage at baseline. At two year follow-up, 30 of the 55 participants reported the initiation of alcohol use during the interval between baseline and follow-up. Luciana and colleagues (2013) found that compared to alcohol users, non-users exhibited greater FA increases in the right UF from baseline to the two year follow-up.

Another study ([@bib0370]) also took a longitudinal approach investigating white matter differences in binge drinking and cannabis use. Their cohort of adolescents ranged from 16 -- 19 years of age at baseline and consisted of three groups based on self-report at a three year follow-up: those who engaged in at least three episodes of binge drinking only (for females, defined as more than four drinks on one occasion; for males, more than five drinks on one occasion), those who engaged in binge drinking plus marijuana use, and those who consistently self-reported minimal alcohol and marijuana use over the three year period (controls). At three year follow-up, the researchers found a number of clusters, including both left and right UF, that had higher FA values in controls than each of the user groups.

2.7. Long-term memory retrieval {#sec0045}
-------------------------------

Of all the reviewed findings on the UF, the most robust literature is the one linking the UF to various types of long-term memory. Findings in the adult literature provide a potential framework for studies that investigate the developmental time course of this link; thus, we review them here. Studies of adult populations have linked the left UF to semantic memory, the type of memory used for remembering facts and concepts, divorced from the time and place in which they were encoded. It is the type of memory frequently assessed in school (e.g. What is the capital of Michigan?) and is closely aligned with core language processes. The left UF connects regions of the brain that have putative functions in language: the anterior temporal lobes and portions of the frontal lobes, both of which have variously been proposed to encode, store, and retrieve semantic knowledge ([@bib0100], [@bib0285]).

Two studies examined individuals with left hemispheric lesions and aphasia and found correlations between left UF microstructural properties and the retrieval of object names ([@bib0105], [@bib0465]). For instance, Harvey and colleagues (2013) (Harvey, Wei et al., 2013) tested 10 individuals with aphasia due to large left hemisphere lesions on two semantic tasks, including Pyramids and Palm Trees ([@bib0335]). They found that task performance strongly correlated with FA values in the left UF ([@bib0305]). The authors' interpretation is that the UF is involved in semantic control, although other interpretations are also plausible. Other investigators have reported that patients with semantic dementia have decreased UF FA values as compared to matched controls ([@bib0010]). However, not all studies have found a relationship between the UF and semantic memory ([@bib0170]). Indeed, unilateral transection of the UF, due to surgery, leads to only mild problems in semantic memory retrieval, although it is common to observe problems with one specific category of semantics: people\'s names ([@bib0525]). Difficulties with proper name retrieval are commonly observed after anterior temporal lobe resection as well ([@bib0165]), which necessarily damages the UF.

The evidence linking the UF to episodic memory is more consistent. Episodic memory is a record of a person\'s experience that includes time and place information ([@bib0715]). The formation of new episodic memories is known to rely on a hippocampal circuit as well as frontal control regions. The most compelling findings on this topic can be found in the non-human primate literature. The one type of learning that is consistently impaired after UF dissection is conditional rule learning (CRL) in which the monkey learns to associate a particular object with a particular choice location that is rewarded ([@bib0090]; E. A. [@bib0235], [@bib0290], [@bib0540]). However, UF disconnection has little to no effect on several types of memory, such as the ability to learn about visual objects or learn the associations between objects and locations, as well as configural learning and delayed matching-to-sample performance ([@bib0080], [@bib0180]; D. [@bib0230], [@bib0290]).

Likewise, in the small but growing human DTI literature, only some types of memory appear to be linked to UF function (see [Table 1](#tbl0005){ref-type="table"}). Performance on verbal memory tasks with strong recollection demands, such as the California Verbal Learning Task (CVLT) or the auditory immediate and delayed memory subtests from the Weschler Memory Scale (WMS), is significantly correlated with uncinate FA, regardless of the population studied (e.g. individuals with temporal lobe epilepsy, schizophrenia, or mild cognitive impairment; [@bib0440], [@bib0455], [@bib0735]). In contrast, significant correlations between uncinate FA and performance on visual memory tasks are observed more sporadically, with several studies finding no relationship ([@bib0455], [@bib0480]). This could either reflect something meaningful -- that the UF plays only a minor role in visual memory -- or it could reflect the fact that the literature is small and the tasks used to test visual memory have been suboptimal. Our sentiments are with the second option.Table 1Diffusion imaging studies of long-term forms of memory and their findings in regards to the uncinate fasciculus (UF). Only studies that used standard DTI measures (Fractional Anisotropy (FA), Mean Diffusivity (MD), Axial Diffusivity (AD), and Apparent Diffusion Coefficient (ADC) are included. Studies that examined populations with known white matter pathology (e.g. multiple sclerosis) were excluded. A '0' in the right-most columns indicates that no significant correlation was observed. When a significant effect was observed, it is noted for the left uncinate (L UF), right uncinate (R UF), or combined (L+R). Abbreviations: Alz = Alzheimer\'s Disease; BNT = Boston Naming Task; CVLT = California Verbal Learning Task; MMSE = Mini-Mental State Examination; MCI = mild cognitive impairment; TL = temporal lobe; WAIS = Weschler Adult Intelligence Task; WMS = Weschler Memory Scale.AuthorControl population (mean age)Special population (M age)TasksL UFR UFL + RCorrelations with Verbal Episodic Memory[@bib0440]--Children (*M* = 12)CVLTFA0--[@bib0735]HC (*M* = 19)Children (*M* = 10)Selective Memory Encoding TaskFAFA--[@bib0455]HC (*M* = 39)TL Epilepsy (*M* = 34)\
1. WMS - auditory immediate and delayed memory; 2. BNTFA0--[@bib0155]HCTL Epilepsy (*M* = 40)WMS - auditory immediate and delayed memoryFA/ADC0--[@bib0505]HC (*M* = 41)Schizophrenia (*M* = 39)WMS - complete00--[@bib0225]HC (*M* = 71)MCI (*M* = 72)WMS -- logical memoryFA0--[@bib0430]HC (*M* = 24)\
Low or High White Matter Hyperintensity Adults (M=76; 77)Common object-color source memory task - 2 hour delay----FACorrelations with Visual Episodic Memory[@bib0510]HC (*M* = 30)\
Traumatic Brain Injury (*M* = 32)1.Attentional Network Test; 2. CVLT0FA[@bib0295]HC (*M* = 38)\
Schizophrenia (*M* = 33)\
Virtual Morris Water Maze----FA[@bib0455]HC (*M* = 39)TL Epilepsy (*M* = 34)WMS -- visual, immediate and delayed memory00--\
[@bib0155]HCTL Epilepsy (*M* = 40)WMS - visual immediate and delayed memory0ADC--[@bib0615]HC (*M* = 51)--1. Benton Visual Retention Test; 2. Brief Visuospatial Memory Test; 3.Finger tapping taskAD, FA, AD, RD0--[@bib0330]Older HC (M=72)MCI (M=73); Alz (M=67)1. CVLT (no effect); 2. Rey-Osterrieth; 3. BNT; 4. Category Verbal Fluency -Animals----FA[@bib0480]--Older adults (*M* = 68)1. Object location; 2. Doors and People (no effect)--\
--\
FA\
[@bib0475]Older HC (*M* = 74)Mild Cognitive Impairment (*M* = 77)1.Doors and People; 2. Face recognition and confidenceAD, RD\
AD, RD\
--Other measures of memory[@bib0390]Older HC (*M* = 72)MCI (*M* = 73); Alz (*M* = 75)1. MMSE; 2. Alz Assessment ScaleADCFA, ADCADC

Turning to the small developmental literature, Mabbott and colleagues (2009) tested 22 normally developing children and adolescents and found that left UF FA values correlated with both free and cued recall on the CVLT. There was no correlation between performance on a visual episodic memory task and microstructural properties of the UF. A large-scale study by Wendelken and colleagues (2014) examined the relationship between performance on a mnemonic control task and microstructure of the UF in a population of adolescents and young adults. Participants were asked to actively attend to or ignore scenes that were displayed for 3 s; they were then probed to determine if a displayed image was novel or had been presented previously, in an attempt to measure the extent to which attention modulation during encoding affected long-term retrieval. Independent of task performance, there was a significant difference in FA within the left UF between adults and adolescents. Among adolescents, there was a significant relationship between age and FA in the left UF ([@bib0735]). Along with the increase in UF FA came improved performance in the "attended" trials of the task, demonstrating top-down enhancement of recall accuracy in attended trials compared to competing trials.

We propose that one plausible role for the UF in episodic memory may be to adjudicate between competing memory representations. Going back to the monkey studies, performance in the conditional rule learning task was impaired after UF transection ([@bib0090]; E. A. [@bib0235], [@bib0290], [@bib0540]). In this task, many similar target objects are presented, and the monkeys are only rewarded if they correctly recall which one of the four choice locations was paired with each target. These locations are repeated each trial so there is a great deal of retrieval competition. Likewise, in many verbal recall tasks, there is a great deal of competition from other word stimuli. In contrast, some of the visual episodic memory tasks commonly tested in this literature, such as the Rey-Osterrieth ([@bib0330], [@bib0440]), rely heavily on mental imagery with little retrieval competition.

If our speculation is correct, it would predict that the UF is essential in tasks in which a high degree of competition between representations must be resolved to make a memory decision, regardless of the type of memory being tested. Several findings support this hypothesis. First, we recently tested a population of normal young adults on a task in which face-name associations had to be learned through reward and punishment feedback. Our results show that variability in UF microstructure predicted one\'s ability to learn face-name pairs ([@bib0340]). A similar finding using face-scene pairings was earlier reported by Thomas and colleagues ([@bib0690]). Second, as mentioned earlier, the studies on conditional rule learning in macaques support this idea. Third, the findings by Wendelken and colleagues (2014) showing that improved performance in the attended trials of the task correlated with uncinate FA again hint that the UF is most important when competing representations require adjudication. Last, we note that the one semantic memory task that is consistently linked to the UF is proper name retrieval, which has severe retrieval competition, given the arbitrary nature of name-face pairings such that different people, who have nothing in common, such as Diana Ross and Princess Diana, can have the same first name. Last, rapid and flexible memory retrieval is a key ingredient of episodic future thinking, as well as allowing one to form expectations about future outcomes, which is essential in reinforcement learning. Thus the role of the UF in memory retrieval may be exceedingly far reaching.

3. Conclusions {#sec0050}
==============

There is growing interest in understanding developmental changes in structural connectivity and the implications for behavior. Our review of the literature revealed several limitations and issues to consider that are important for conducting this type of research (see [Box 1](#tb0005){ref-type="boxed-text"}).Box 1Issues to consider when conducting a developmental DTI study1. A sufficient sample size is critically important. This will help ensure significant power to find an effect if it exists and will allow one to control for multiple comparisons.2. A longitudinal design is optimal. Most studies investigating maturation of the UF have been cross sectional, a design that is quicker and cheaper to execute than a longitudinal study. Longitudinal studies, however, control for between-subjects variance by testing the same participants at different developmental time points and, as a result, have greater inferential value. The few existing longitudinal studies in this literature are valuable (e.g. [@bib0400], [@bib0670]).3. Head movement is a significant problem in DTI since the dependent measures are also measures of movement, albeit at a microscopic scale. It is likely that some of the positive effects reported in the literature are in fact, movement artifacts (see [@bib0760]). This is particularly important when studying a developmental cohort, as children and special populations (e.g. individuals with ASD, ADHD, etc.) are more likely to exhibit problematic movement during diffusion imaging acquisition, compromising the quality of the data. Training children to lie still in a mock-scanner with software that provides movement feedback can help with this problem. Additional cushioning around the face and head are also helpful. As a last resort, movement can be dealt with during the analysis phase.4. The issue of crossing fibers is also a problem in traditional DTI techniques. The diffusion tensor model used by such techniques is insufficient at modeling areas where two or more fiber pathways may cross paths. This is especially an issue for tracts with high anatomical curvature, such as the uncinate. Therefore, technical precautions must be taken and consideration should be given to the possibility of a more powerful technique, such as probabilistic DTI.5. Potential gender differences in white matter microstructure must be considered, even if gender is not a variable of direct interest. A recent DTI study ([@bib0355]) found notable gender differences in white matter in a large cohort of participants ranging in age from 8 to 22. Similarly, we have found significant gender differences in UF microstructural indices in a smaller sample of healthy young adults ([@bib0015], [@bib0020] accepted pending revisions). Developmental studies should control for gender and/or cranial volume (which tends to correlate with gender).6. One should carefully consider how development is indexed: by chronological age or by sexual maturation.

The focus of this review was the development of the limbic white matter structure, the uncinate fasciculus. The UF exhibits a very late maturational profile, with microstructural development spanning into the 30 s, thus it is plausible that aberrations in its developmental trajectory could underlie certain psychopathologies. Although the literature is sprinkled with inconsistent findings, there is evidence linking uncinate abnormalities to child maltreatment, ASD, and conduct disorder and psychopathic traits. However, our review of the DTI literature revealed the disappointing conclusion that the traditional approach of using DSM-V categories generally had low levels of reproducibility. It is unclear whether these inconsistent findings are due to technical and statistical problems (see [Box 1](#tb0005){ref-type="boxed-text"}) or variability in the sample population. The one exception to this was antisocial personality disorder and conduct disorder, which have shown consistent correlations with UF microstructure (see [Fig. 3](#fig0015){ref-type="fig"}).

We emphasize the utility of taking a dimensional approach to psychiatric disorders, one focused on symptoms/behavior and the examination of white matter structure-function relationships, rather than focusing on traditional diagnostic categories. We are enthusiastic about using this approach in diffusion imaging studies of the developing brain. In our previous review of the adult literature, we hypothesized that the UF allows information about temporal-lobe based mnemonic associations (for instance, a person\'s name + face + biographical information) to modify behavior by interacting with systems in the lateral OFC that are instrumental for making associations between stimuli and rewards, and ultimately, decision making. The bidirectionality of UF information flow would ensure that temporal lobe representations of objects and people reflect up-to-date reward/punishment history ([@bib0725]). We list more specific predictions below and they can also be found in [Table 2](#tbl0010){ref-type="table"}.Table 2Possible behavioral deficits linked to information transmission properties of the uncinate fasciculus and populations in which one might observe such deficits.Behavioral deficitWhere it might be observedEvidence for relationshipDeficient memory retrievalChildren with poor scholastic achievement (found in many clinical groups including previously institutionalized children); medial temporal lobe epilepsy; possibly linked to deficits in episodic future thinking and theory of mindStrongImpulsive decision making/problems learning from errorsConduct disorder; ADHD; substance abuseModestDisordered sensitivity to reward and punishmentBipolar disorder and conduct disorder; sensation seeking; substance abuse; anhedonia; sensitivity to social rewards in autism spectrum disorderEmerging

First, problems with memory retrieval, which may be evidenced by poor scholastic achievement, might be linked to variability in UF microstructure. Children who suffer from disorders characterized by memory impairments, such as medial temporal lobe epilepsy, likely have both macro and microstructural perturbation of the UF (reviewed in [@bib0725]). In our laboratory, we have found a robust relationship between associative memory performance and UF microstructure in a population with limited behavioral variability -- college students. Moreover, we found that individual differences in this tract also predicted memory performance after a lengthy delay (45 min), exactly the sort of memory tested in a scholastic setting ([@bib0015], [@bib0020]).

Second, individuals with developmental disorders characterized by impulsive decision making in which memory and knowledge should be used to alter behavior but are not successfully employed, should have predictable alterations in UF microstructure. Disorders that fall into this category include conduct disorder, attention deficit hyperactivity disorder (ADHD), and substance abuse. We note that reversal learning deficits have been reported in CD ([@bib0085]), and ADHD ([@bib0360]), as well as certain types of substance abuse ([@bib0365]). More generally, damage or alterations in UF microstructure could impair fronto-temporal communication required for learning from errors ([@bib0575]) as well as episodic future thinking that guides decision making. This in turn could lead to deficits in decision making tasks that rely on long-term memory, since these tasks require the integration of past knowledge about rewards and punishments with one\'s current state. If true, this would predict that variation in UF microstructure should index individual differences in decision making. Our findings in an adult population show an association between UF microstructure and reversal learning in normal young adults (Alm et al., submitted). We predict these findings will generalize to children and be especially robust in developmental cohorts that exhibit impulsive decision making (e.g. CD and ADHD).

Third, there is emerging evidence that the UF may play some role in sensitivity to reward and punishment. This is an interesting construct in regards to substance abuse and risk taking. Moving forward, it will be important to examine the specificity of changes in UF microstructure, and we should aim to directly link such alterations to addictive patterns and behaviors. For instance, perhaps individual differences in laboratory measures of sensation seeking, risk taking, and impulsivity would predict differences in UF microstructure during adolescence. We speculate that differences within UF microstructure of adolescents would predict differences in reward sensitivity, such that a more developed reward system would correspond to more highly developed microstructure of the UF. It is also possible that tendencies specifically related to drug dependence, e.g. craving symptoms, could predict similar UF alterations. Future research should seek to explore white matter alterations at this higher level of specificity.

Importantly, given the protracted development of the UF, we expect that performance on UF-dependent tasks will vary with age until approximately 30 years of age. To our knowledge, this has not yet been examined.
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